The DNA damage response coordinates cell cycle transitions, DNA replication, DNA repair, and apoptosis. The major regulators of the DNA damage response are the phosphoinositide-3 kinase-related protein kinases ataxia-telangiectasia mutated (ATM) and ATM and Rad3 related (ATR). ATR is activated during every S phase to regulate the firing of replication origins and the repair of damaged replication forks and to prevent the premature onset of mitosis (10) .
ATR is activated in response to many types of DNA lesions, including double-strand breaks, base adducts, and cross-links, as well as replication stress. In most cases, these lesions activate ATR as a consequence of tracts of single-stranded DNA (ssDNA) that are formed during lesion processing (1, 14, 26, 39) or the uncoupling of helicase and polymerase activities at replication forks that encounter the lesion (9) . Most forms of ssDNA in the cell, including the ssDNA formed during DNA replication and DNA repair, are rapidly coated by replication protein A (RPA) (19) . Depletion of RPA from Xenopus laevis egg extracts reduces the association of ATR with chromatin (13) , and RPA-coated ssDNA (hereinafter RPA-ssDNA) is important for localizing ATR to sites of DNA damage in both human and Saccharomyces cerevisiae systems (49) .
Although RPA-ssDNA may be sufficient for localizing the ATR-ATR-interacting protein (ATRIP) complex, it is not sufficient for ATR activation (35, 37, 44) . ATR signaling is dependent on colocalization of the ATR-ATRIP complex with the RAD9-HUS1-RAD1 (9-1-1) complex, a heterotrimeric ring-shaped molecule related in structure and sequence to the replicative sliding clamp PCNA (42) .
Like PCNA, the 9-1-1 complex is loaded onto primer-template junctions in an ATP-dependent reaction that involves the RAD17 damage-specific clamp loader (6, 18, 50) . Loading of the 9-1-1 complex occurs at a DNA end that is adjacent to a stretch of RPA-ssDNA. The presence of RPA is critical for this reaction and imparts specificity in loading, creating a preference for a 5Ј rather than a 3Ј primer end (18, 36) . The 9-1-1 complex concentrates an ATR activator, TopBP1, at sites of DNA damage or replication stress. TopBP1 stimulates ATR kinase activity (31) by interacting with both a phosphoinositide 3 kinase-related kinase regulatory domain in ATR and ATRIP (12, 38) .
ATR recognition of RPA-ssDNA depends upon ATRIP (49) . Biochemical studies indicate that ATRIP binds RPA directly via evolutionarily conserved binding surfaces (2) . The primary interaction involves an acidic alpha helix within a checkpoint recruitment domain (CRD) of ATRIP that binds in the basic cleft of the N-terminal oligonucleotide-oligosaccharide fold (OB-fold) domain of the large RPA subunit, RPA70 (RPA70N) (2) . Deleting or mutating the ATRIP CRD abolishes its interaction with RPA70 and prevents ATR-ATRIP complexes from being efficiently retained at sites of DNA damage or stalled replication forks (3). Remarkably, mutations within the ATRIP CRD or even deletion of the entire CRD do not cause a large ATR checkpoint signaling defect in human, Xenopus, or budding yeast systems (2, 3, 30) . This result is surprising given that the current model of ATR activation postulates that the ATRIP-RPA interaction should be essential for ATR signaling.
In this report, we further investigated the role of RPA in checkpoint signaling. First, the consequences of mutating the ATRIP binding surface on RPA70N were analyzed. As expected, these mutations impair ATRIP binding. However, in contrast to the ATRIP CRD mutations, the RPA binding surface mutations cause a significant defect in ATR-dependent signaling to CHK1. To reconcile these data, we hypothesized that additional ATR-regulatory proteins may bind to RPA using the same binding surface. We found that at least three checkpoint proteins bind to RPA using the same binding cleft within the RPA70N OB-fold domain. Notably, the C-terminal tail of RAD9 binds in the cleft. We show that this interaction is important for RAD9 recruitment to sites of DNA damage and stalled replication forks and is important for ATR signaling. Thus, RPA-ssDNA is a common signal within the DNA damage response for regulating multiple checkpoint complexes.
MATERIALS AND METHODS
NMR analysis. Nuclear magnetic resonance (NMR) experiments were performed at 25°C using Bruker Avance 500-MHz or 600-MHz NMR spectrometers equipped with a 5-mm single-axis z gradient Cryoprobe. Two-dimensional, gradient-enhanced 15 15 N-enriched RPA70N NMR samples were prepared in a buffer containing 5 mM dithiothreitol, 50 mM NaCl, 20 mM Tris-d 11 , and 5% D 2 O at pH 7.4 at a protein concentration of ϳ100 M. ATRIP (DFTADDLE ELDTLAD), MRE11 (AFSADDLMSIDLAEQ), and RAD9 (DFANDDIDSY MIAME) peptides were purchased (Sigma) and purified by high-performance liquid chromatography. Peptides were added at a four-to sixfold molar excess to maximize the population of peptide-bound RPA70N molecules. All spectra were processed with TOPSPIN v1.3 (Bruker, Billerica, MA) and analyzed with Sparky v3.1 (University of California, San Francisco, CA).
Cell culture. HEK293, HeLa, and U2OS cells were cultured in Dulbecco modified Eagle medium (Invitrogen) supplemented with 7.5% fetal bovine serum at 37°C in 5% CO 2 . RAD9 ϩ/ϩ and RAD9 Ϫ/Ϫ mouse embryonic stem (ES) cells were kindly provided by Howard Lieberman and cultured as described previously (23) . RAD9
Ϫ/Ϫ ES cells were transfected with Lipofectamine 2000 (Invitrogen), and stable clones were selected in medium containing G418 (0.2 mg/ml). U2OS cells expressing RAD9 or RAD9-crd (RAD9 with mutations in its putative CRD) were established by retroviral infection and puromycin selection. HeLa cells were transfected with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Nuclear extracts, in vitro translation, chromatin lysate, and cell lysate preparation. Nuclear extracts were prepared as described previously (38) . RAD9 and RAD9-crd proteins were in vitro translated with a TNT quick coupled transcription/translation system (Promega). Chromatin lysates were prepared by sonicating nuclei resuspended in immunoprecipitation buffer (0.3% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, 20 mM HEPES, pH 7.9, and 150 mM NaCl supplemented with protease and phosphatase inhibitors [5 g/ml aprotinin, 5 g/ml leupeptin, 1 mM NaF, 20 mM ␤-glycerol phosphate, 1 mM sodium vanadate, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride]). Cell lysates were prepared using Igepal lysis buffer (1% Igepal CA-630, 50 mM Tris, pH 8.0, and 200 mM NaCl supplemented with protease and phosphatase inhibitors).
Antibodies. Antibodies were purchased from Covance (HA.11), Oncogene Research Products (RPA70), Cell Signaling Technology (CHK1-P-S345 and CHK1-P-S317), Santa Cruz Biotechnology (CHK1 and RAD1), Bethyl Laboratories (KAP1 P-S824, RAD17, and TopBP1), Chemicon/Millipore (glyceraldehyde-3-phosphate dehydrogenase [GAPDH]), and Abgent (RAD9 P-S272 and RAD9 P-S387).
GST pull-down assays. Recombinant glutathione S-transferase (GST)-tagged RPA70N proteins were purified from Escherichia coli with glutathione-Sepharose 4B beads according to the manufacturer's instructions (GE Healthcare). ATRIP1-217 and ATRIP-crd (D58K D59K)1-217 proteins were also purified with glutathione-Sepharose 4B beads, followed by cleavage with PreScission protease (GE Healthcare). Nuclear extracts were incubated with the GST-tagged proteins bound to beads overnight at 4°C. Beads were washed two times in wash buffer 1 (25 mM Tris, pH 8.0, 25 mM NaCl, 0.1 mM EDTA, 10% glycerol, and 0.25% Trion X-100 supplemented with protease and phosphatase inhibitors) and once in wash buffer 2 (25 mM Tris, pH 8.0, 50 mM NaCl, 0.1 mM EDTA, 5% glycerol, and 0.5% Trion X-100 supplemented with protease and phosphatase inhibitors). Proteins were eluted with sodium dodecyl sulfate (SDS) sample buffer and separated by SDS-polyacrylamide gel electrophoresis (PAGE) prior to immunoblotting.
DNA constructs and siRNA. Site-directed mutagenesis was performed using QuickChange (Stratagene). The sequences of all constructs generated using PCR were confirmed by sequencing. Small interfering RNA (siRNA) targeting RPA70 (5Ј-AACACUCUAUCCUCUUUCAUG) was purchased from Dharmacon, Inc.
DNA content analysis. Harvested cells were fixed in ethanol, stained with propidium iodide, and analyzed on a BD Biosciences FACSCalibur.
Immunofluorescence. Cells were cultured on a glass coverslip, fixed with paraformaldehyde, and processed as described previously (34), except with antihemagglutinin (anti-HA) primary antibody and fluorescein isothiocyanate-conjugated goat anti-mouse secondary antibody. Cells were imaged with a Zeiss Axioplan microscope equipped with a Zeiss camera and software.
Immunoprecipitation. Nuclear extracts or chromatin lysates expressing HA-RAD9 or HA-RAD9-crd were incubated with anti-HA agarose beads (Sigma).
Immunoprecipitates were washed three times in TGN buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 10% glycerol, and 1% Tween 20 supplemented with protease inhibitors).
Cell survival assays. ES cells were plated on gelatinized six-well dishes and treated with 10 mM hydroxyurea (HU) for 12 h or UV irradiated (10 J/m 2 ). Surviving cells were stained with methylene blue 7 days later. Colonies were 
RESULTS
The RPA70N domain is a checkpoint signaling module. Previous studies did not identify an ATR signaling defect when the primary RPA binding surface within ATRIP is mutated (3). Yet, multiple lines of investigation indicate that RPA is a critical regulator of ATR signaling (10) . In an attempt to understand this discrepancy, we mutated the primary ATRIP binding surface within RPA70N. Based on a computational model of the interacting surfaces (2), we predicted that a double charge reversal mutation (R41E R43E) within the basic cleft of the OB-fold domain would abolish the ATRIP interaction. As expected, the RPA70 R41E R43E mutant no longer bound ATRIP (Fig. 1A) . Biophysical characterization of the mutant RPA70N was performed to verify that the structural integrity and stability of the domain was retained and therefore that any observed effect in functional assays was due only to alterations in the binding surface.
To test the functional consequences of this RPA mutation, HeLa cells were cotransfected with siRNA targeting RPA70 and vectors encoding siRNA-resistant wild-type or mutant RPA70 proteins. Silencing RPA70 causes a reduction in the phosphorylation of the ATR substrate CHK1 in response to UV radiation (Fig. 1B, compare lanes 2 and 4) and also causes an increase in CHK1 phosphorylation in untreated cells compared to that in cells transfected with nontargeting siRNA (compare lanes 1 and 3). This increased CHK1 phosphorylation in untreated cells following RPA70 silencing is presumably due to the stalling and collapse of replication forks, which activate the DNA damage response. Indeed, RPA70 silencing causes activation of ATM (17) and phosphorylation of its substrates, including KAP1 (Fig. 1C) . It also causes the activation of a G 2 DNA damage checkpoint and accumulation of cells with 4N DNA content (Fig. 1D) . Cotransfection of a vector encoding wild-type RPA complements all of these phenotypes, including UV-induced CHK1 phosphorylation. Cotransfection of the RPA R41E R43E mutant also largely complements the spontaneous DNA damage defect, although there is evidence of a continued DNA damage response activation in a small percentage of successfully transfected cells (Fig. 1C) . However, the RPA70 R41E R43E protein does not complement the defect in UV-induced CHK1 phosphorylation in the endogenous RPA70-silenced cells (Fig. 1B, compare lanes 4, 6, and 8) .
These data, combined with previously published results, indicate that mutations in ATRIP or RPA that abolish their primary binding surfaces do not yield identical phenotypes. The mutation in RPA caused a significant defect in CHK1 phosphorylation following UV radiation (Fig. 1B) , whereas the Fig. 2A) . To test whether these peptides were capable of binding to RPA, we employed the NMR-based chemical shift perturbation approach applied previously to investigate the interaction with ATRIP (2). A series of 15 N-1 H-HSQC NMR spectra were acquired for uniformly 15 N-labeled RPA70N protein as unlabeled ATRIP, RAD9, and MRE11 peptides were added into the solution. Significant chemical shift perturbations were observed upon the addition of increasing concentrations of all three peptides to RPA70N (Fig. 2B to  D) . The chemical shift perturbations observed for the RAD9 and MRE11 peptides were remarkably similar to those of the ATRIP peptide (Fig. 2B to D) . Indeed, mapping of the perturbed residues onto the crystal structure of RPA70N reveals that all three peptides bind to the basic cleft of the OB-fold domain in similar manners (Fig. 2E to G) . The small differences observed between the spectra of the three complexes are consistent with minor differences in the positioning of each peptide within the binding site, which reflect the differences in the sequence of each protein.
The RAD9 C-terminal tail binds to RPA70N. While MRE11 is known to function upstream of ATR at sites of doublestrand breaks, this does not appear to be the case after UV radiation or replication stress (39) . RAD9, in contrast, is critical for ATR activation because of its role in recruiting the ATR activator TopBP1 (16, 32) . The NMR data suggested that RAD9 uses a similar CRD to bind to RPA70N. Therefore, we tested whether full-length RAD9 indeed binds RPA70N and whether this interaction could explain the CHK1 phosphorylation defect we observed in RPA70 R41E R43E-expressing cells.
Purified GST-RPA70N binds RAD9 (Fig. 3A) . In contrast, neither GST nor the GST-RPA70N R41E R43E mutant interacts with RAD9. We confirmed that RAD9 and ATRIP compete for the same binding surface on RPA70N by doing a competition binding assay. When purified ATRIP1-217 containing its CRD was added to the pull-down experiment, it bound to RPA70N and blocked the ability of RPA70N to bind HA-RAD9 (Fig. 3B) .
To determine whether the RPA binding surface on RAD9 contains the acidic C-terminal peptide, mutations were engineered into the putative RAD9 CRD (Fig. 4A) . This RAD9 mutant (RAD9-crd) was epitope tagged and expressed either in HEK293 cells or in rabbit reticulocyte lysates. The RAD9-crd mutant made in both systems migrates significantly faster than wild-type RAD9 on SDS-PAGE gels (Fig. 4B) . Wild-type RAD9 migrates as multiple bands due to its extensive phosphorylation (16, 45) . We initially considered whether the CRD mutation might perturb RAD9 phosphorylation. However, both DNA damage-induced S272 phosphorylation and damage-independent S387 phosphorylation were retained (Fig.  4C) . Furthermore, both the RAD9 and RAD9-crd proteins form complexes with RAD1, RAD17, and TopBP1, as expected (Fig. 4D ). The interaction with TopBP1 is mediated by S387 phosphorylation (16) , while the interaction with RAD1 is mediated by the PCNA homology region within the rest of the protein (42) . Thus, the RAD9-crd protein is stable, is phosphorylated, and retains its known protein-protein interactions. Its aberrant migration on SDS-PAGE gels is probably due to an increase in its ability to bind SDS because of the replacement of three negative charges with three positively charged residues. We observed a similar change in the SDS-PAGE mobility of ATRIP when we made mutations in the ATRIP CRD (data not shown), further supporting this interpretation.
We next tested whether the RAD9-crd mutation impairs RPA binding. In contrast to the interaction between wild-type RAD9 and RPA70N, that between RAD9-crd and RPA70N was reduced although not abolished ( Fig. 4E and F) . The lack of interaction is not due to a change in RAD9-crd phosphorylation since the wild-type-RAD9-RPA70N interaction is insensitive to phosphatase treatment (Fig. 4F) . Moreover, the RAD9-crd mutant has significantly reduced binding to endogenous RPA70 compared to that of wild-type RAD9 when measured by coimmunoprecipitation from solubilized chromatin fractions (Fig. 4G) . The residual coimmunoprecipitation may be due to an interaction between RAD9 and RPA32 (47) . Combined with the NMR data, these results indicate that RAD9 binds to RPA70 through an acidic peptide within its C-terminal tail and the basic cleft of the RPA70N OB-fold domain, largely in the same way that ATRIP binds RPA70 (2). The RAD9-RPA interaction regulates RAD9 localization and ATR checkpoint signaling. Mutation of the ATRIP CRD prevents ATRIP from efficiently localizing to sites of DNA damage or replication stress (3). To determine whether the RAD9 CRD performs a similar function, we created U2OS cells that express HA-RAD9 or HA-RAD9-crd. Both proteins were localized throughout the nuclei of untreated cells. Treatment with HU, UV, or ionizing radiation (IR) causes the relocalization of both proteins to intranuclear foci; however, the RAD9-crd mutant consistently relocalized less efficiently ( Fig. 5A and B) . To examine this more closely, the numbers of foci in each cell were counted. This analysis revealed that following a low dose of IR, there were significantly fewer RAD9-crd nuclear foci than wild-type RAD9 foci (Fig. 5C) . The RAD9 wild type and the crd mutant are expressed at equal levels (Fig. 5D) . Thus, although the RAD9 CRD-RPA70N interaction is not absolutely required to recruit RAD9 to sites of DNA damage, it does contribute to the efficiency of its localization.
Finally, we examined whether the RAD9-crd mutant could functionally complement RAD9 Ϫ/Ϫ ES cells. CHK1 is not phosphorylated in response to DNA damage in RAD9 Ϫ/Ϫ ES cells because of a defect in activating ATR (23) . We created RAD9
Ϫ/Ϫ ES cell clones stably expressing either wild-type RAD9 or the RAD9-crd mutant. Two cell clones expressing each protein were analyzed to ensure that the results were not due to clonal selection. These cell clones expressed similar amounts of RAD9 protein (Fig. 6A) . Immunofluorescence analysis indicated detectable expression of exogenous RAD9 proteins in approximately 90% of all cells in all four cell lines. While the wild-type RAD9 protein efficiently complemented the checkpoint signaling defect in the RAD9 Ϫ/Ϫ cells, the RAD9-crd mutant was consistently less capable of supporting checkpoint signaling (Fig. 6B and C) . Following UV radiation, CHK1 phosphorylation in the RAD9-crd-expressing cells was reduced by 33% compared to the level in wild-type-RAD9-expressing cells (Fig. 6B,  compare lanes 4 and 6) . Following HU exposure, the difference was approximately 60% (Fig. 6C, compare lanes 9 and  10 and lanes 11 and 12) .
The defective activation of the DNA damage response in the RAD9-crd-expressing cells correlated with a hypersensitivity of these cells to HU and UV compared to the sensitivity of wildtype-RAD9-expressing cells (Fig. 6D and E) . In both cases, the RAD9-crd-expressing cells exhibited an intermediate sensitivity to these agents compared to the sensitivities of RAD9 Ϫ/Ϫ cells expressing wild-type RAD9 or transfected with an empty vector.
DISCUSSION
RPA functions as an ssDNA binding protein in most nucleic acid metabolic processes. Its interactions with other proteins facilitate replication, repair, and checkpoint signaling (7, 19) . RPA-ssDNA is thought to be the common intermediate in activating the ATR checkpoint pathway in response to a diversity of genome integrity challenges (10) . ATR activation requires colocalization of the ATR-ATRIP and 9-1-1 complexes. RPA-ssDNA and a 5Ј primer-template junction are critical ligands for recruiting these protein complexes (3, 6, 18, 36, 49, 50) . We now show that a common protein interaction surface on the N-terminal OB-fold domain of RPA70 binds to both ATRIP and RAD9. Both ATRIP and RAD9 contain an acidic patch that is predicted to fold into an alpha-helical structure capable of binding into the basic cleft of RPA70N. Given its similarity to the ATRIP CRD, we have named this region the RAD9 CRD.
Mutations in ATRIP, RAD9, or RPA that disrupt the ATRIP-RPA70 or RAD9-RPA70 interactions cause defects in checkpoint protein localization (this study and references 2 and 3). Both the RAD9-crd and the RPA70 R41E R43E mutant proteins cause similar deficiencies in ATR-dependent signaling to CHK1. The ATRIP-crd mutant does not cause a detectable ATR signaling defect, at least as assayed by RNA interference complementation analysis (3). However, it is possible that there are other contact points between RPA and ATRIP (40) , and there are RPA-independent means of localizing the ATR-ATRIP complex (22, 27, 48) . RPA frequently binds proteins using multiple subunits (43) , and both RPA70 and RPA32 have been implicated in RAD9 interactions (47) .
Our data on the role of human RPA in checkpoint signaling are consistent with the function of Saccharomyces cerevisiae RPA (Rfa). The rfa1-t11 mutant in budding yeast supports DNA replication but is compromised in DNA damage responses, including a defect in loading of the yeast 9-1-1 complex (4, 29, 33, 46) . This mutation is a charge reversal in Rfa1 at residue K45 (analogous to the R41 site of human RPA70). Our data are also consistent with a recent analysis of a human RPA70 R41E Y42F mutant, which was reported to cause a G 2 /M checkpoint defect without causing a defect in ssDNA binding or DNA replication (21) . The RPA70N OB-fold domain is attached to the rest of RPA70 through a flexible linker (25) . This flexibility may be important in allowing RPA to recruit different checkpoint proteins and position them correctly for ATR kinase activation. In addition, since RPA binds ssDNA with a defined 5Ј-3Ј polarity (15, 24) , the RPA70N OB-fold domain is positioned near the 5Ј end of a primer-template junction (Fig. 7) . This position places it in an ideal location to mediate the 5Ј-junction specificity of 9-1-1 complex loading (18, 36) . The RPA-RAD9 interaction may also help to position the RAD9 tail such that it can present TopBP1 to ATR-ATRIP complexes in an optimal orientation.
Since ATRIP and RAD9 bind to the same surface of RPA, they are unlikely to be capable of binding at the same time. Indeed, ATRIP and RAD9 compete for binding to RPA70N (Fig. 3B) . This raises an interesting question about the timing of these interactions. Competitive binding to the same RPA surface may indicate that at least two molecules of RPA need to be present to efficiently activate ATR. Such a scenario would ensure that the ATR checkpoint is activated only when longer stretches of ssDNA are available. This hypothesis is consistent with the ssDNA length dependency for ATR activation that was observed using defined DNA templates to activate ATR in X. laevis egg extracts (35) . It is also possible that another protein retains the ATR-ATRIP or 9-1-1 complexes at the site of DNA damage or replication stress. Once loaded, the 9-1-1 checkpoint clamp is topologically linked to the DNA. The RPA interaction may serve to decrease its ability to slide away from the ssDNA gap.
While we did not pursue our observation that MRE11 contains a peptide that binds RPA70N (Fig. 2) , a recent publication mapped an RPA binding surface on MRE11 to amino acids 521 to 569 (41) . Notably, this region contains the acidic peptide that we used in the NMR experiment. Furthermore, double mutation of D543 and D544 in MRE11 abolished the RPA interaction, impaired the localization of MRE11 to replication centers, and caused a defect in the S-phase checkpoint (41) . Our data suggest that this mutant disrupts an MRE11 CRD that interacts with the basic cleft of RPA70N. These data further support our conclusions that RPA70N provides a common checkpoint protein binding surface, and RPA-ssDNA is a signal for recruitment of multiple DNA damage response proteins.
The ATR signaling pathway is a potential target for cancer therapy (11, 28) . ATR signaling inhibitors are expected to sensitize cells to DNA-damaging agents. Cancer cells are also known to have higher levels of replicative stress than adjacent normal cells (5, 20) . Thus, cancer cells may be more dependent on replication stress responses than normal cells to complete replication and retain viability. Thus, targeting the replication stress response could be a useful therapy. Our results suggest that the basic cleft in RPA70N may be a useful target for the development of a protein-protein interaction inhibitor. Inhibiting RPA from binding multiple checkpoint proteins (at least ATRIP, RAD9, MRE11, and p53) should significantly impair the replication stress response. We are currently investigating whether our understanding of the structural basis for binding 2 ), HU (10 mM), or left untreated as indicated. Following incubation for 1 h, lysates were prepared, resolved by SDS-PAGE, and immunoblotted with antibodies to CHK1-P-S345 or total CHK1. The phospho-CHK1 (P-CHK1) and CHK1 levels were quantitated with NIH Image software. The numbers are the ratios of phospho-CHK1 to CHK1 normalized to the ratio for the sample from cells complemented with the vector (Ϫ/Ϫ) after damage. (D and E) ES cell clones were treated with HU (10 mM for 12 h) (D) or UV (10 J/m 2 ) (E) and grown for 7 days prior to the staining and scoring of surviving colonies. Percent viability was calculated relative to the viability of untreated cell populations. Error bars indicate standard error (n ϭ 3). P values were calculated using an unpaired, twotailed t test. vec, vector.
FIG. 7.
Simplified model of the RPA protein and DNA interactions that promote ATR signaling. RPA is a heterotrimer of three subunits, RPA70, RPA32, and RPA14, that contain six OB-fold domains. Four of these OB-fold domains can bind ssDNA in a specific orientation such that the amino-terminal RPA70 OB-fold domain (70N) is positioned near the 5Ј primer-template junction. The RPA70N OB-fold domain binds checkpoint proteins, including ATRIP and RAD9. These interactions help to concentrate ATR-ATRIP and 9-1-1-TopBP1 complexes to promote TopBP1's activation of ATR. Many additional protein-protein and protein-nucleic acid interactions also participate but are not shown in this simplified diagram. 
